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Kope¢ (1917, 1922) first demonstrated that mature larvae of the gypsy moth,
Lymantria dispar, were unable to undergo metamorphosis when deprived of their
brains.  Additional experiments led him to couclude that a brain hormone
stimulated metamorphosis. In the 1940's this conclusion became established as
part of the classical theory of insect development and metamorphosis as a result
of similar observations including those of Caspari and Plagge (1935), Kiihn
and Piepho (1936), Plagge (1938), Wigglesworth (1940), Schmeider (1942),
and Williams (1946).

The first experimental evidence that the brain elicits development by stimulating
the prothoracic glands (PG) was obtained in experiments performed on H yalo-
phora cecropia (Williams, 1947). A few years earlier Fukuda (1940) had identi-
fied the PG as the source of an active molting principle which was subsequently
isolated (Butenandt and Karlson, 1954), named “ecdysone” (Karlson, 1956), and
ultimately identified as a polyhydroxylated steroid (Huber and Hoppe, 1965).
The brain-PG relationship has since been repeatedly documented (Wigglesworth,
1952; Kambysellis and Williams, 1971 ; Agui, 1975 Bollenbacher, Agui, Granger,
and Gilbert, 1979). It forms one of the pillars of current insect endocrinology
which views insect development as a progression of stages, each initiated during
discrete periods of ecdysone production by the PG under the tropic stimulation of
a brain hormone (prothoracicotropic hormone, PTTH).

In point of fact, a role for the brain in insect molting and metamorphosis had
detractors even before it had advocates. Beginning with the observations of Conte
and Vaney in 1911 and continuing with those of Kope¢ himself (1912, 1922),
the literature cites multiple examples of metamorphic development by brainless
insect preparations at or beyond the late feeding period of larval life (Beunhiol,
1938 ; Fukuda, 1944 ; Ozeki, 1954; Ishizaki, 1972; Mala, Granger, and Sehnal,
1977 ; Meola and Adkisson, 1977). Perhaps no more remarkable observation of
development by brainless insects exists than that of Judy (1972) who reported
the ability of brainless larvae of the tobacco hornworm, Manduca sexta, not only
to undergo a larval molt, but also to feed and complete metamorphosis to morpho-
logically normal adults.

Early in our study of the developmental endocrinology of the tobacco hornworm
we undertook a reexamination of the role of the brain in this sect's life cycle.
An individual of this species in the penultimate instar faces four major develop-
mental transitions before reaching adulthood: a) a larval molt to the fifth
instar, b) the feeding-to-wandering transition at the conclusion of the fifth instar,
¢) the larval-pupal molt, and d) the pupal-adult molt. These steps share several
common features. The beginning of each is accompanied by a detectable rise
in the hemolymph ecdysone titer (Bollenbacher and Gilbert, unpublished observa-
tions cited in Riddiford and Truman, 1978 Bollenbacher, Vedeckis, and Gilbert,
1975; Kaplanis, Thompson, Yamamoto, Robbins, and Louloudes, 1966). Iso-
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lated abdomens in all the larval stages are unable to develop (Truman, 1972;
Fain and Riddiford ,1976; Truman and Riddiford, 1974; Nijhout, 1976), but
such preparations can be induced to molt or metamorphose by injections of ecdysone
(Fain and Riddiford, 1976 ; Nijhout, 1976) or by implantation of active prothoracic
glands (personal observations). Moreover, diapausing pupae can be caused to
develop by injection of ecdysone, as can isolated pupal abdomens. These observa-
tions strongly suggest that each of the four transitions is dependent on ecdysone
production by the PG—a conclusion consistent with the classical model of insect
development. Yet the aforementioned work by Judy (1972) as well as the
observations of Truman and Riddiford (1974), Nijhout (1976), and Wilson and
Larsen (1974) suggest that some of these transitions may be partially or com-
pletely independent of the brain. In the experiments reported here we have re-
examined the role of the brain in each of the four ecdysone-dependent trans-
formations.

MATERIALS AND METHODS

Larvae were reared at 25° C on an artificial diet, as described by Bell and
Joachim (1976) and Truman (1972), under either short-day (SD, 12L:12D) or
long-day (LD, 17L:7D) photoperiods. Time-of-day was arbitrarily referenced to
lights-off at midnight (24:00 =00:00). Larvae of the following types were
segregated early in the photophase of each day : freshly ecdysed fourth-instar larvae
and pharate fourths showing slipped head capsules, freshly ecdysed fifths, and
fifths showing freshly exposed dorsal vessels. The timing of events in the life
cycle was as described by Truman (1972) and Truman and Riddiford (1974) except
that the first 24 hr of each stage was termed Day 1 rather than Day O.

Neck-ligatures were placed between the head and prothorax of larvae and
between the head and prothoracic spiracles of pupae within 6 hr after pupal ecdysis.
Isolated abdomens of larvae wére obtained by placing ligatures across the first
abdominal segment or between the metathorax and first abdominal segment. In
all cases the portion anterior to the ligature was excised. Ligatures were of cotton-
covered polyester (J. & P. Coats). Individuals were anesthetized with CO.
prior to ligation and the surgical procedures.

Operations other than ligation were carried out on individuals immersed in
insect Ringer's solution (Ephrussi and Beadle, 1936). Manipulations of the
larval brain were performed through a small flap cut to one side of the midline
just above the juncture of the cuticular sutures of the head capsule. The brain
was easily located and gently drawn toward the incision by the entering bundles
of trachea and nerves. These bundles were severed with micro-scissors and the
brain withdrawn. Pupal brains were removed through a horizontal incision on
the vertex of the head. Loose brains were completely withdrawn from the insect
before reimplantation into a lateral recess of the head. Brain implantations into
ligatured insects were either by way of a small incision in the dorsolateral aspect
of the thorax or abdomen or through an incision in an abdominal proleg which
was then closed by a ligature proximal to the incision. Implantations into pupae
were through a small incision in the dorsum of the head. All surgical incisions
except those in larval prolegs were sealed by apposition of the cut edges, thorough
blotting of the region surrounding the incision, and application of a small drop
of melted Tackiwax (Cenco). Less than 5% of individuals failed to survive
the operations, and these typically died within 1 to 3 days. They have been
excluded from the data presented.
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Figure 1. Inhibition of molting in fourth-instar larvae by operations involving the brain.
Second-gate SD larvae were utilized at 20:00 to 23:00 on Day 3 of the instar. They were
afterwards placed without food in individual plastic containers and examined daily for spiracle
apolysis (solid box) or death (clear box). Unoperated larvae would typically have
undergone spiracle apolysis on Day 1.

Two batches of partially purified PTTH from Bombyx mori (Professor
H. Ishizaki of Nagoya University, Japan) were tested: one, “Crude PTTH,"
the second, “Highly-purified PTTH.” The lyophilized extracts were dissolved for
injection in 0.2 M ammonium acetate as suggested by Prof. Ishizaki. The ex-
tracts were tested within 1 week after being dissolved and were injected with a
Hamilton syringe equipped with a 30 gauge needle. The biological activity of
these extracts was ascertained by injection of an appropriate dose into brainless
Samia ricini pupae.

The juvenile hormone analog (JHA) Hydroprene (ZR-512, Zoecon Corp.)
was used. The compound was of technical grade and was dissolved in reagent
grade acetone (Fisher) for topical application.

RESULTS

Molt of fourth-instar larvae

To analyze the role of the brain in larval molting we performed a series of
operations on fourth-instar larvae. Second-gate SD larvae were segregated as
previously described (Truman, 1972). All operations were performed at 20:00
to 23: 00 on Day 3, following which the larvae were returned to individual plastic
containers without food.

The results (Fig. 1) show that the brain is indispensable for the molt from
the fourth to the fifth instar. Brainless larvae neither molted nor showed any
other developmental response although they typically survived for 1.5 to 2.5
weeks. In additional experiments performed on dozens of individuals, no second-
gate larva deprived of its brain prior to the third night of the instar ever under-
went any further development.
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When the brain was removed and then reimplanted into the head, the ability
to undertake a larval molt was restored to many but not all individuals after a
delay of several days. Autopsy of the larvae completing the molt failed to show
reestablishment of any nerve connections except in two individuals where con-
nections appeared to have been reestablished with the subesophageal ganglion or a
corpus cardiacum.

When abdomens were isolated from fourth-instar larvae during the above-
mentioned 3-hr period, no development took place in any of over 50 preparations.
So also, no development was observed in 14 such abdomens receiving brain im-
plants from larvae of the same age.

In another set of experiments, brains were removed from 51 second-gate larvae
approximately 12 hr later than in the previous set of experiments—i.e., approxi-
mately 10 hr prior to the anticipated apolysis of the head capsule. All individuals
underwent a larval molt. The majority experienced considerable difhculty in
freeing their heads from the old head capsules; even when assisted in doing so,
the head usually was sufficiently deformed in the area of the mandibles as to
prevent feeding. Nevertheless a total of 11 of these brainless larvae underwent
normal ecdysis and resumed feeding after they were restored to diet. Six of
these pupated successfully after a variable delay and of these all ultimately com-
pleted adult development as previously described by Judy (1972).

Feeding-wandering transformation of fifth-instar larvae

When second-gate larvae were neck-ligated at times beginning shortly after
00:00 on Day 5, the normal onset of the wandering stage on Day 6, signaled
by exposure of the dorsal vessel, occurred on schedule or with little delay. If
the brain played a role in the transformation of these larvae into wanderers, the
critical period for its action must have been virtually concluded by early on Day 5.
For this reason two groups of fifth-instar larvae prior to Day 5 were utilized
in a series of operations examining the brain’s role at the feeding-to-wandering
transition. One group contained second-gate LD larvae weighing 6.5 to 8.5 g and
was operated on between 19:00 and 22:00 on Day 4 of the instar. The other
group consisted of 4.0 to 4.5 g LD larvae and was operated on early on Day 3
of the instar. All larvae were returned to plastic containers without food follow-
ing the operation.

The results (Fig. 2) show that the absence of a brain caused a substantial
delay in the time to dorsal vessel exposure, this effect being especially pro-
nounced in the smaller individuals. Indeed, many of the larvae in the latter group
never exposed the dorsal vessel although they survived for over 3 weeks. Re-
implantation of a brain into brainless larvae lessened but did not fully eliminate
the delay occasioned by brain removal.

When abdomens were isolated from larvae similar to either of the above
groups, no development took place during the 2 to 3 weeks of survival. Nor was
development provoked in any of 16 abdomens isolated from larvae of the older
class when a brain from individuals of the same age was implanted.

Wandering larva-pupa transformation

A series of operations was performed on 60 SD wandering larvae at 12:00
to 15:00 on the day of dorsal vessel exposure. Larvae were examined daily
thereafter for pupation. Unoperated larvae pupated after 5.2 %= 0.4 days, sham-
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Ficure 2. Inhibition of dorsal vessel exposure in fifth-instar larvae by operations involv-
ing the brain. LD larvae in two weight classes were utilized: 6.5 to 8.5 g larvae (hatched
box) and 4.0 to 4.5 g larvae (non-hatched boxes). Larvae of the smaller class which died prior
to dorsal vessel exposure are designated by clear hoxes, those which exposed the dorsal
vessel by solid boxes. Following operation, the larvae were returned to individual plastic
containers without food and examined daily thereafter for dorsal vessel exposure or death.
Averages were computed only for those larvae which exposed the dorsal vessel.

operated larvae after 6.0 = 0.0 days, and brainless pupae after 7.2 =0.8 days.
Wandering larvae lacking a brain were thus unquestionably delayed relative to
both unoperated and sham-operated controls. As with the younger larvae,
abdomens isolated from wandering larvae were unable to pupate. And when
brains from Day 1 wandering larvae were implanted into 11 such abdomens, no
development occurred during the subsequent 1.5 to 3 weeks of survival.

Pupal-adult transformation

To examine the role of the brain in the regulation of aduit development and
of pupal diapause, a series of operations was performed on LD and SD pupae
during the 12 hr following pupal ecdysis. The results (Fig. 3) demonstrate the
ability of the brain to provoke the initiation of adult development as signaled by
apolysis of the wing epidermis. Both LLD and SD pupae deprived of their brains
experienced a substantial delay before initiating development—far beyond that
observed in intact, diapausing pupae. The reimplantation of loose brains greatly
curtailed but did not fully eliminate this delay. Loose SD brains stimulated
development only after a latent period similar to that encountered in normal
diapausing pupae; this was so irrespective of whether the host was a SD pupa
or a brainless LD pupa. Loose LD brains uniformly stimulated prompt develop-
ment and appeared to function with identical effect in either LD or SD hosts.
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Figure 3. [Initiation of adult development following operations involving the pupal
brain. Diapause-destined SD pupae (solid box) and non-diapausing LD pupae (clear box)
were utilized within 12 hr of pupation and examined weekly thereafter for initiation of adult
development as signaled by apolysis of the wing epidermis. Sham-operated pupae were
incised and the brain visualized but not touched. In the case of reciprocal brain implants,
a brain from a pupa of the alternate photoperiod was implanted into a normal or brainless
pupa; in the figure the graphic designation indicates the diapause program of the pupal host.
In the case of brainless SD pupae, 4 individuals had not yet initiated development at 36 weeks.

In all cases development once initiated proceeded to completion in the usual period
of about 18 days.

Identity of the brain tropic factor throughout the life cycle

We tested the ability of larval and pupal brains to cause the molting of larvae
and the adult development of pupae. The larval brains were obtained from LD
second-gate fifth-instar larvae between 07:00 and 12:00 on Day 5; the pupal
brains from LD animals 6 to 12 hr after pupal ecdysis. These were implanted into
diapausing pupae and into second-gate fourth-instar larvae head-ligated prior to
21:00 on Day 3 of the instar; the latter were topically treated with 20 pg of
JHA to permit larval molting. The host pupae would normally have undergone
development after an average of 1 to 2 months, while the larval hosts would
normally have undergone no development whatsoever. Development of the host
was recognized by initiation of apolysis in pupae and by spiracular apolysis in
larvae. The results of these experiments were unambiguous (Table I). Larval
as well as pupal brains caused the molting of larvae and the adult development
of pupae.

Localization of prothoracicotropic activity in the mervous system

Several ganglia from Day 5 second-gate fifth-instar larvae were examined for
their ability to elicit the development of diapausing pupae: these included the
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brain, the subesophageal, prothoracic, mesothoracic, and terminal abdominal ganglia.
Epidermis was implanted as a control. Single implants were made into diapause-
destined pupae 6 to 18 hr after pupal ecdysis. Each type of ganglion was
assayed in 15 to 17 pupae, except for the mesothoracic ganglion, which was
assayed in 8 pupae. Activity was measured by averaging the time to initiation of
development by the assay pupae, determined by apolysis of the wing epidermis.
Only the brain possessed any significant tropic activity. Pupae recerving brains
initiated development an average of 1.5 weeks later. Groups of assay pupae receiv-
ing other ganglia took from 5 to 7 weeks to initiate development and did not
differ significantly from pupae receiving an implant of epidermis, which took an
average of 6 weeks.

Assay of Bombyx mori PTTH extracts

We attempted to demonstrate a prothoracicotropic effect of Bombyx mori
PTTH extracts in larvae and pupae of Mandica sexta. For assay of this activity
we used 3-week old diapausing pupae, 1-week old diapausing pupae whose brains
had been removed on the day following ecdysis, and fourth-instar larvae whose
brains had been removed prior to PTTH release. Both crude and highly-purified
PTTH preparations were inert in each of these bioassays at concentrations up to
100 Samie units, the highest dose tested.

DiscussioNn

Brain removal significantly delayed the development of larvae and pupae when
carried out at appropriate intervals prior to the initiation of ecdysone-mediated
transformations. The molting of larvae and the onset of adult development in
pupae were especially delayed. When loose brains were reimplanted into the head,
the delay occasioned by brain removal was consistently reduced but not eliminated.
Abdomens isolated from larvae at various stages never undertook development
nor were they caused to develop by the implantation of active brains. These
results are consistent with the classical view of the brain as the source of a
hormone which stimulates ecdysone production by the prothoracic glands at each
ecdysone-dependent transition.

Judy (1972) noted a larval-larval molt in only one exceptional individual among
his many brainless fourth-instar larvae. The present results (Tig. 1) further
document the absolute necessity of the brain for larval molting. Brainless fourth-
instar larvae resumed development only after the brain had played its role or
after restoration of an active brain.
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In the case of pupae, both diapausing and non-diapausing individuals required
a brain in order to initiate adult development on schedule. Removal of the
pupal brain routinely delayed the initiation of development by weeks or months,
while implantation of loose brains restored the development of brainless hosts to
a nearly normal rate. Pupal brains demonstrated the remarkable ability to retain
their original commitment to diapause or not to diapause even when detached
from all connections. Thus, as shown in Figure 3, brains from non-diapause pupae
triggered prompt initiation of development, whereas brains from diapause-destined
pupae caused development only after a delay typical of such brains in situ.
Retention of normal endocrine behavior by loose insect brains has been previously
observed (Williams, 1946; Williams and Adkisson, 1964; Truman and Riddi-
ford, 1970).

Remarkable, too, was the failure of the host environment to affect the diapause
or non-diapause programs of implanted pupal brains. Whenever the host received
a brain from a non-diapausing donor, the host initiated development promptly
regardless of its own program: in turn, brains from diapause-destined pupae caused
development of brainless LD hosts only after a delay whose duration was similar
to that of a normal diapause. When diapause-destined brains were implanted into
intact non-diapausing hosts, they did not deter the prompt development stimulated
by the host’s brain. Hence, the timetable for development appears to be pro-
grammed into the pupal brain. These data suggest that Manduca possesses a
classical pupal diapause in that the developmental standstill is due to a temporary
cessation of the brain’s tropic action on the PG.

The sum total of the present evidence clearly indicates that the brain normally
exercises a prothoracicotropic function at each ecdysone-mediated transition in
the tobacco hornworm. But while removal of the brain prevented or greatly
delayed the development of fotirth-instar larvae and of pupae, its effects where
much less dramatic in feeding or wandering fifth-instar larvae. Furthermore, the
eventual development of brainless Manduca pupae contrasts with the classical
examples of complete developmental arrest following brain removal in saturniids
(Williams, 1946).

Exceptions to the current model of insect development can be grouped as
contradictions to one or more of four assumptions implicit in the classical scheme:
a) Only the PG produce ecdysone; b) Only the brain activates the PG; ¢) PG
function is entirely dependent on stimulation by the brain and, consequently, fluctua-
tions in PG activity reflect changes in the output of the brain’s PTTH; d) The
onset of development occurs only after a particular quantity of ecdysone has
been secreted.

Though the production of ecdysone by the PG is no longer disputed (Chino,
Sakurai, Ohtaki, Ikikawa, Miyizaki, Ishibashi, and Abuki, 1974 ; King and Marks,
1974 ; King, Bollenbacher, Borst, Vedeckis, O’Connor, Ittycheriah, and Gilbert,
1974 : Romer, Emmerich, and Novock, 1974), other sources of ecdysone are
obviously present in at least certain species. For example, ovarian synthesis of
ecdysone has been documented in several species (Hagedorn, O'Connor, Fuchs,
Sage, Schlaeger, and Bohn, 1975; Lagueux, Hirn, and Hoffman, 1977 Bollen-
bacher, Zvenko, Kumaran, and Gilbert, 1978). Moreover, ecdysone production
and even ecdysone-dependent development have been observed in isolated abdomens
and preparations lacking prothoracic glands (Chadwick, 1955 ; Nakanishi, Moriyama,
Okauchi, Fujioka, and Koreeda, 1972; Hsiao, Hsiao, and DeWilde, 1975;
Studinger and Willig, 1975; Gersch and Eibisch, 1977 ; Delbecque, Delchambre,
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Hirn, and DeReggi, 1978). The role of these other ecdysone sources during normal
molting and metamorphosis remains an enigma. Nevertheless, the failure of
isolated abdomens of tobacco hornworm larvae to undertake any development even
when supplied with an active brain suggests that sources of ecdysone other than
the PG are unlikely to account for the development of brainless individuals in
the final larval stage of this species.

While the brain is certainly the chief source of tropic input to the PG, the
literature documents several potential mechanisms for PG activation in the absence
of the brain. Injury has been demonstrated to stimulate pupal development
(McDaniel and Berry, 1967 ; Wilson and Larsen, 1974), but in the present study
sham operations to larvae or freshly ecdysed Manduca pupae tended to delay
rather than accelerate development. PTTH activity has been identified outside
the brain of some insects in the corpora cardiaca, the corpora allata, or elsewhere
(Ichikawa and Nishiitsutsuji-Uwo 1959 Gersch and Stitrzebecher, 1968 ; Ishizaki,
1969 ; Gibbs and Riddiford, 1977). Moreover, the corpora allata could potentially
stimulate ecdysone production by virtue of their ability to produce juvenile hormone
(Williams, 1959; Gilbert and Schneiderman, 1959; Hiruma, Shimada, and Yagi
1978). Nevertheless, in the present study bioassays of several ganglia failed to
disclose significant PTTH activity in the nervous system outside the brain of
Manduca sexta—a result in keeping with the findings of Gibbs and Riddiford
(1977). Moreover, larvae and pupae lacking both brains and CA can undergo
metamorphic development (Judy, 1972; Truman and Riddiford, 1974; personal
observations).

Bombyx PTTH failed to elicit development of appropriate assay animals in
the present study even though doses up to 100 times the amount necessary to
wake up brainless S. ricini pupae were employed. Similar interspecific failures
have been noted previously in studies using intact brains as well as brain homog-
enates as PTTH sources, although other such attempts have met with success
(Gibbs and Riddiford, 1977 ; Williams, 1946; Ichikawa and Nishiitsutsuji, 1951).
Assay of active brains from Manduca larvae or pupae demonstrated that both
could accelerate ecdysone-dependent development in larval as well as pupal prepara-
tions (Table I). These data agree with prior results: for Manduca by Gibbs
and Riddiford (1977), for H. cecropia by Williams (1952), and for B. miori by
Kobayashi, Yamazaki, and Kimura (1973). Though the detailed chemistry of
PTTH may vary between species, no convincing evidence supports the existence
of more than a single native form within a particular species.

In the absence of a significant prothoracicotropic factor outside the hornworm
brain, the PG might still secrete varying amounts of ecdysone if in the course
of metamorphosis they exhibited stage-specific rates of spontaneous ecdysone
production. Alternatively the PG might be subjected to stage-specific levels of
inhibition. Hinton (1953) suggested that the PG might be inhibited as well as
stimulated, but little clear evidence presently supports this possibility. An inhibi-
tory factor has been supposed to originate variously from the brain (Carlisle and
Ellis, 1968), from the subesophageal ganglion (Alexander, 1970), or from the
thoracic ganglia (Mala, Granger, and Sehnal, 1977). The evidence is at best frag-
mentary and at times contradictory. Nevertheless the existence of a PG inhibitor
arising outside the brain and variously employed during the life cycle remains an
attractive explanation for the different rates of development by brainless individuals
in the present experiments.

While molting and metamorphosis unquestionably require exposure to par-
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ticular amounts of ecdysone, the relationship between the quantity of ecdysone
necessary for a developmental response and the quantity produced is by no means
a direct one. To trigger a developmental response the requisite amount of ecdysone
must be produced, appropriately metabolized, and accumulated to effective intra-
cellular concentrations. Furthermore, the visible start of development may be
preceded by so-called “covert effects” (Ohtaki, Milkman, and Williams, 1968).
Breakdown of ecdysone counters production, and even the covert effects of
ecdysone may undergo decay (Ohtaki, Milkman, and Williams, 1968 : Zdarek and
Fraenkel, 1970). A small change in any one of these variables could stagger the
rates of development of two individuals with identical rates of ecdysone produc-
tion. Such a difference could well account for the contrasting behaviors of brain-
less cecropia pupae, which never develop (Williams, 1946), and brainless horn-
worm pupae, which finally develop after latent periods varying from weeks to
months.  Manifestly, the same considerations could influence the rates of
development of brainless specimens of Manduca in the several developmental stages.

Removal of the brain unmasks aspects of ecdysone secretion, metabolism, and
action which are normally hidden by the dominant rate-determining activity of
PTTH. We have considered four assumptions underlying the classical model,
one or more of which must be violated for brainless individuals to develop. The
present data suggest that in Manduca only the PG produce ecdysone in amounts
and at periods relevant to molting and metamorphosis. Moreover, the results here
cannot readily be accounted for by the existence of prothoracicotropic factors
originating outside the brain. The proper explanation of our findings therefore
presumably lies in some combination of the following: changes in the autonomous
activity of the PG; changes in the degree of inhibition of the PG; changes in
ecdysone metabolism ; changes in the sensitivity of the epidermis to ecdysone. As
we shall demonstrate subsequently, several of these mechanisms seem in fact to
have an important bearing on the development of the tobacco hornworm. But as
the story unfolds, the reader must not forget that in every stage of development
the brain plays a front and center role. While the present investigation suggests
the possible existence of additional mechanisms of regulation, its results on the
whole pay tribute to the brain of Stefan Kopec.

This work was supported by grants from the National Science Foundation and
the National Institutes of Health. We acknowledge the generous gift of par-
tially purified preparations of PTTH and of brainless Samia ricini pupae from
Prof. Ishizaki of Nagoya University, Japan. We also acknowledge the gift of
the JHA Hydroprene by the Zoecon Corp.

SUMMARY

1. Brain removal at appropriate times in the life cycle uniformly delayed or
prevented the onset of all known ecdysone-mediated transitions. This effect was
especially pronounced at larval-larval molts and at the pupal-adult transformation.

2. Loose brains reduced but did not eliminate the delay induced by brain
removal.

3. Isolated larval abdomens never developed nor were they induced to do so
by implantation of an active brain.

4. Loose pupal brains retained their original commitment to diapause or not
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to diapause. This was true even when the loose brain was implanted into a
brainless host pupa with an opposite diapause commitment.

5. Larval brains effectively elicited the development of pupae, and conversely,
pupal brains elicited the development of larvae.

6. Prothoracicotropic activity was found in the brain but in no other ganglia.

7. Extracts of Bombyx mori PTTH were inactive in Manduca in the concen-
trations tested.

8. Consideration is given to several mechanisms which might mediate the
development of brainless hornworms.

LITERATURE CITED

Acur, N, 1975, Activation of prothoracic glands by brains in witro. J. Insect Physiol.,
21: 903-912.

ALEXANDER, N, 1970. A regulatory mechanism of ecdysone release in Galleria mellonella.
J. Insect Physiol., 16: 271-276.

Berr, R. A, anp F. G. Joacurym, 1976. Techniques for rearing laboratory colonies of
tobacco hornworms and pink bollworms. .Ann. Entomol. Soc. Am., 69: 365-373.

BorLensacuer, W. E, W. V. Vepkckis, anp L. I. Giieert, 1975. Ecdysone titers and
prothoracic gland activity during the larval-pupal development of Manduca secxta.
Dev. Biol., 44 : 46-53.

BorLenBacuer, W. E., H. Zvenko, A. K. Kumaran, anp L. 1. Gicert, 1978. Changes
in ecdysone content during postembryonic development of the wax moth, Galleria
mellonella: the role of the ovary. Gen. Comp. Endocrinol., 34: 169-179.

BoLLEnBAaCHER, W. E., N. Acur, N. A. GRANGER, aND L. I. GiLBert, 1979. In vitro activation
of insect prothoracic glands by the prothoracicotropic hormone. Proc. Natl. Acad.
Sei. U. §. 4., 76: 5148-5152.

Bounwior, J. J, 1938. Recherches expérinientales sur le déterminisme de la métamorphose
chez les l1épidoptéres. Bull. Biol. Fr. Belg. Suppl., 24: 1-199.

Butenanpt, V. A, anD P. KarLson, 1954. Uber die Isolierung eines Metamorphose-Hormons
der Insekten in kristallisierter Form. Z. Naturforschg., 9b: 389-391.

Caruisie, D. B, anp P. E. ELLts, 1968. Hormonal inhibition of the prothoracic gland by
the brain in locusts. Nature, 220: 706-707.

Casrary, E., anp E. Pracck, 1935. Versuche zur Physiologie der Verpuppung von Shmetter-
lingsraupen. Naturwissenschaften, 23 : 751-752.

Cuapwick, L. E., 1955. Molting of roaches without prothoracic glands.  Science, 121:
435.

CuiNo, H. S. Sakurai, T. Ownuraki, N. Ikikawa, H, Mivizakr, M. ISHIBASHI, AND
H. ABuki, 1974. Biosynthesis of a-ecdysone by prothoracic glands in vitro. Science,
183: 529-530.

ContE, A, anp C. VanEey, 1911. Production expérimentale des Lépidopteres acéphales.
Comptes Rend. Acad. Se. Paris, 152 : 404-406.

DeLBecQuE, J.-P. A, J. Dercaamsre, M. HirN, anp M. Derecer, 1978. Abdominal
production of ecdysterone and pupal-adult development in Tencbrio molitor (lnsecta,
Coleoptera). Gen. Comp. Endocrinol., 35 : 436-444.

Epurussi, B, anp G. W. BeaprLg, 1936. A technique of transplantation for Drosophila.
Am. Nat., 70: 218-225.

Faix, M. J., anp L. M. Rioorirorp, 1976. Reassessment of the critical periods for prothor-
acicotropic hormone and juvenile hormone secretion in the larval molt of the tobacco
hornworm Manduca sexta. Gen. Comp. Endocrinol., 30: 131-141.

Fukupa, S., 1940. Induction of pupation in silkworm by transplanting the prothoracic gland.
Proc. Imp. Acad. (Tokyo), 16: 414-416.

Fukupa, S., 1944. The hormonal mechanism of larval molting and metamorphosis in the
silkworm. J. Fac. Sci., Univ. Tokyo, 6: 477-532.

GerscH, M., anp H. EiBiscu, 1977. Synthesis of ecdysone-*C and ecdysterone-"“C {from
cholesterol-"*C in cockroaches (Periplaneta americana) without molting glands. Ex-
perientia, 33 : 468.

GerscH, M., AND J. STURZEBECHER, 1968. Weitere Untersuchungen zur Kennzeichnung des
Aktivationshormons der Insektenhiutung. J. Insect Physiol., 14: 87-96.



152 L. SAFRANEK AND C. M. WILLIAMS

Gisss, D., anp .. M. Rippirorp, 1977. Prothoracicotropic hormone in Manduca sexta: localiza-
tion by a larval assay. J. Exp. Biol., 66: 255-266.

GiLeert, L. I, anp H. A. ScuNEmErRMAN, 1959. Prothoracic gland stimulation by juvenile
hormone extracts of insects. Nature, 184 : 171-173.

Haceporn, H. H, J. D. O'Conn~or, M. S. Fucus, B. Sace, D. A. ScHrAkGER, aAND M. K.
Bonn, 1975. The ovary as a source of a-ecdysone in an adult mosquito. Proc.
Natl. Acad. Set. U. S. A., 72: 3255-3259.

Hinton, H. E, 1953. The initiation, maintenance and rupture of diapause: a new theory.
The Entomologist, 86 : 279-291.

Hirunma, K., H. Suimapa, axo S. Yacr, 1978, Activation of the prothoracic gland by juvenile
hormone and prothoracicotropic hormone in Mamestra brassicae. J. Insect Physiol.,
24 . 215-220.

Hsiao, T. H., C. Hsiao, anp J. DeEwiLpg, 1975, Moulting hormone production in the isolated
larval abdomen of the Colorado beetle. Nature, 255: 727-728.

Huser, R., anp W. Horpg, 1965. Die Kristall- und Molekiilstrukturanalyse des Insektenver-
puppungshormons Ecdyson mit der automatisierten Faltmolekiilmethode. Chiem. Ber.,
98 : 2403-2424.

IcHikAwA, M., anp J. Nisuursvutsuji, 1951, Studies on the insect metamorphosis I. Role
of the brain in the imaginal differentiation of Lepidopterans. .unot. Zool. Jpn., 24:
205-211.

Icaikawa, M., anp J. NisHunrsuvrsuvji-Uwo, 1959. Studies on the role of the corpus
allatum in the eri-silkworm, Philosamia cynthia ricini. Biol. Bull., 116: 88-94.
Isurzaki, H, 1969. Changes in titer of the brain hormone during development of the silk-

worm, Bombyx mori. Dev. Growth Differ., 11: 1-7.

Isuizaki, H. 1972. Arrest of adult development in debrained pupae of the silkworm, Bombyx
mori. J. Insect. Physiol., 18: 1621-1627.

Jupy, K. J., 1972. Diapause termination and metamorphosis in brainless tobacco hornworms
(Lepidoptera). Life Sci., 11: 605-611.

KameyserLrLts, M. P, anp C. M. WiLLiams, 1971. [n wvitro development of insect tissues.
II. The role of ecdysone in the spermatogenesis of silkworms. Biol. Bull., 141:
541-552.

KarLanis, J. N, M. J. Tuompson; R. T. Yamanoro, W. E. RoseiNs, aNp S. J. LouLouDgs,
1966. Ecdysones from the pupa of the tobacco hornworm, Manduca sexta (]Johann-
son). Steroids, 8: 605-623.

KarLson, P., 1956. Biochemical studies on insect hormones. Vitamins and [Hormones, 14:
227-266.

King, D. S., W. E. BoLLENBACHER, D. W. Borst, W. V. VEebickis, J. D. O’Conxor, P. L
ItrycHERIAH, AND L. I. GILBERT, 1974. The secretion of a-ecdysone by the prothoracic
glands of Manduca sexta in vitro. Proc. Natl. Acad. Sci. U. S. A., 71: 793-796.

King, D. S., anp E. P. Marks, 1974, The secretion and metabolisnt of «-ecdysone by cock-
roach (Leucophaca maderae) tissues in witro. Lifc Sci., 15: 147-154.

KoBavasHi, M., M. Yamazaxr, anp S. Kimura, 1973, The acceleration of apolysis by the
brain in the silkworm, Bombyx miori. J. Inscct Physiol. 19: 857-859.

Kope¢, S., 1912. Uber die Funktionen des Nervensystems der Schmtterlinge wiihrend der
successiven Stadien ihrer Metamorphose. Zool. Ans., 40: 353-360.

Kope¢, S., 1917. Experiments on metamorphosis of insects. Bull. Int. Acad. Sci. Cracovie,
BB: 57-60.

Kore¢, S., 1922. Studies on the necessity of the brain for the inception of insect mectamor-
phosis. Biol. Bull., 42 : 323-342.

Ktun, A, anp H. Piepno, 1936. Uber hormonale Wirkungen bei der Verpuppung der
Schmetterlinge. Ges. Wiss. Gottingen Nachr. Biol., 2: 141-154.

Lacueux, M., M. Hirn, anp J. A. Horrman, 1977. Ecdysone during ovarian development
in Locusta migratoria. J. Insect Physiol.,, 23: 109-119.

MaLa, J., N. A. GRaNGER, aAND F. SennaL, 1977. Control of prothoracic gland activity
in larvae of Galleria mellonclla. J. Inscet Physiol., 23: 309-316.

McDanieL, C. N., anp S. J. Berry, 1967. Activation of the prothoracic glands of Antheraca
polyphemus. Nature, 214 : 1032-1034.

Meora, R. W., anp P. L. Apxkisson, 1977. Release of prothoracicotropic hormone and
potentiation of developmental ability during diapause in the bollworm, Heliothis
zea. J. Insect Physiol., 23 : 683-688.

Nakanrsuai, K, H. Morivama, T. Oravcui, S. Fujioka, anp M. Korkepa, 1972, Bio-



PTTH IN THE TOBACCO HORNWORM 153

synthesis of a- and g-ecdysones from cholesterol outside the prothoracic gland in
Bombyx mori. Science, 176 : 51-52.

Niynourt, H. F., 1976. Tie role of ecdysone in pupation of Manduca scxta. J. Insect Physiol.,
22: 453-463.

Ourtakl, T., R. D. Mikatan, axp C. M. WiLLiams, 1968. Dynamics of ecdysone secretion
and action in the fleshfly Sarcophaga peregrina. Biol. Bull., 135: 322-334.

Ozex1, K., 1954. Experiments on the formation of imaginal structures in the pupae of the
swallowtail, Papilio ruthus Linnacus. Sci. Pap. Coll. Gen. Educ. Uniz. Tokyo, 4:
47-56.

Praccg, E., 1938. Weitere Untersuchungen iiber das Verpuppungshormon bei Schmetterlingen.
Biol. Zentralbl., 58 : 1-12.

Rippirorp, L. M., anp J. W. Truatan, 1978. Biochemistry of insect hormones and insect
growth regulators. Pages 307-357 in M. Rockstein, Ed., Biochcmisiry of Insects.
Academic Press Inc., New York.

Ronmer, F., H. EamnericH, anxo J. Novock, 1974. Biosynthesis of ecdysones in isolated
prothoracic glands and oenocytes of Tencbrio molitor in wvitro. J. Inscct Physiol.,
20: 1975-1987.

ScHMEIDER, R. G., 1942. The control of metamorphosis in Hymenoptera. .lnat. Rec., 84: 514.
STUDINGER, G., AND A. WiLLIG, 1975. Biosynthesis of a-ecdysone and g-ecdysone in isolated
abdomens of larvae of Musca domestica. J. Insect Physiol., 21: 1793-1798.
Trumayn, J. W, 1972, Physiology of insect rhythms. [. Circadian organization of the
endocrine events underlying the moulting cycle of larval tobacco hornworms. J. Exp.

Biol., 57 : 805-820.

TruUMAN, J. W., axp L. M. Rivprrokrn, 1970. Neuroendocrine control of ecdysis in silkmoths.
Science, 167 : 1624-1626.

TruMmAN, J. W. axp L. M. Ripprrorn, 1974. Physiology of insect rhythms. III. The
temporal organization of the endocrine events underlying pupation of the tobacco
hornworm. J. Exp. Biol., 60: 371-382.

WicGLEswWOrTH, V. B., 1940. The determination of characters at metamorphosis in Rhodnius
prolixus (Hemiptera). J. Exp. Biol., 17: 201-222.

WiceLEsworTH, V. B., 1952. The thoracic gland in Rhodnius prolixus (Hemiptera) and
its role in moulting. J. Exp. Biol., 29: 561-570.

WirLianms, C. M., 1946. Physiology of insect diapause: the role of the brain in the produc-
tion and termination of pupal dormancy in the giant silkworm, Platysamia cccropia.
Biol. Bull., 90 : 234-243.

Wirriams, C. M., 1947. Physiology of insect diapause. II. Interaction between the pupal
brain and prothoracic glands in the metamorphosis of the giant silkworm, Platvsamia
cecropia.  Biol. Bull., 93: 89-98.

WirLians, C. M., 1952. Physiology of insect diapause. 1V. The brain and prothoracic glands
as an endocrine system in the Cecropia silkworm. Biol. Bull., 103: 120-138.

Wirriams, C. M., 1959. The juvenile hormone. 1. Endocrine activity of the corpora allata
of the adult cercropia silkworm. Biol. Bull., 116 : 323-328.

WiLLiams, C. M., anp P. L. Apkisson, 1964 Physiology of insect diapause. XIV. An
endocrine mechanism for the photoperiodic control of pupal diapause in the oak
silkworm, Antheraca pernyi. Biol. Bull., 127 : 511-525.

WiLsox, G. R., axp J. R. Larsen, 1974, Debraining and diapause development in Manduca
sexta pupae. J. Insect Physiol., 20: 2459-2473.

ZDAREK, J., AND G. FrAENKEL, 1970. Overt and covert effects of endogenous and exogenous
ecdysone in puparium formation of flies. Proc. Natl. Acad. Sci. U. S. A., 67: 331-337.



